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Abstract. Foundation species can change plant community structure by modulating important ecological
processes such as community assembly, yet this topic is poorly understood. In alpine systems, cushion plants
commonly act as foundation species by ameliorating local conditions. Here, we analyze diversity patterns of
species’ assembly within cushions and in adjacent surrounding open substrates (83 sites across five continents)
calculating floristic dissimilarity between replicate plots, and using linear models to analyze relationships
between microhabitats and species diversity. Floristic dissimilarity did not change across biogeographic
regions, but was consistently lower in the cushions than in the open microhabitat. Cushion plants appear to
enable recruitment of many relatively stress-intolerant species that otherwise would not establish in these
communities, yet the niche space constructed by cushion plants supports a more homogeneous composition of
species than the niche space beyond the cushion’s influence. As a result, cushion plants support higher a-
diversity and a larger species pool, but harbor assemblies with lower b-diversity than open microhabitats. We
conclude that habitats with and without dominant foundation species can strongly differ in the processes that
drive species recruitment, and thus the relationship between local and regional species diversity.
Key words: b-diversity; biodiversity; biogeographic gradients; community assembly rules; cushion plants; foundation
species; niche construction; species recruitment.
INTRODUCTION
Foundation species can structure ecosystems by
modulating ecological processes (Ellison et al. 2005)
particularly through constructing ecological niche space,
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an ability that is crucial to understand ecosystem
patterns and processes (Matthews et al. 2014). One of
the most important ecological processes influenced by
foundation species is community assembly (Callaway
2007, Loreau et al. 2013), though such effects are poorly
understood (Scho¨b et al. 2012). An analysis of the effects
of foundation species on community assembly can be
conducted in a study system where two microhabitats,
one dominated by a foundation species and another
habitat out of the influence of the foundation species,
co-occur in the same physical environment (Scho¨b et al.
2012). Using such two-phased study systems, investiga-
tions over large spatial scales can help understand
community assembly (Qian and Ricklefs 2007, Brooker
et al. 2009, Kraft et al. 2011) and elucidate the effects of
foundation species (Butterfield et al. 2013, Cavieres et al.
2014). Here we report on a study of this kind that was
undertaken in alpine communities dominated by species
with cushion morphologies.
In alpine systems, plants with a highly compact, low-
growing, mat-forming morphology are called ‘‘cushion
species’’ (Aubert et al. 2014). While not representative of
all alpine systems, these cushion-dominated communi-
ties occur globally across many alpine and arctic
environments (e.g., Ko¨rner 2003, Aubert et al. 2014).
Cushion plants can stabilize and ameliorate abiotic
conditions (Frenot et al. 1998), improve soil nutrient
content (Anthelme et al. 2012), enhance the arbuscular
mycorrhizal status of associated plant species (Casano-
va-Katny et al. 2011), and increase the abundance and
diversity of pollinators (Reid and Lortie 2012, Liczner
and Lortie 2014). These systems allow for a comparison
of two contrasting microhabitats: a relatively benign
microhabitat inside cushions where many drought- and
cold-intolerant species occur, and a relatively severe
microhabitat in the open areas surrounding cushions
that is colonized at low densities by other stress-tolerant
species (Cavieres et al. 2014).
One approach to understanding community assembly
processes, and the one we use here, involves the analysis
of species distributions across sampled plots within a
community (Chase et al. 2011, Kraft et al. 2011). In our
study, this involves comparing variation in species
composition among replicate plots within each of the
contrasting microhabitats. We ask: what are the effects
of foundation species on species richness within plots (a-
diversity), on the variation in species compositions
across plots within sites (b-diversity) and on the species
pool of sites? Cushion plants have been shown to
increase species diversity (Scho¨b et al. 2012, Butterfield
et al. 2013, Cavieres et al. 2014) probably through stress
amelioration and disturbance moderation, relaxing the
local environmental filters that operate in the neighbor-
ing open microhabitat (Scho¨b et al. 2012, Cavieres et al.
2014). Yet, these facilitative effects might result in
increased similarity of species compositions among the
plots within the cushion microhabitat, as compared to
those in the open areas, because the same facilitated
species can associate with many of the cushions (and so
will be present in many of the cushion plots) owing to
the construction of similar niches by the cushions
(McIntire and Fajardo 2009). On the other hand,
morphological variation between different species of
cushions, among cushions of a given species, and within
individual cushions, can also create multiple niches,
thereby increasing environmental heterogeneity (Scho¨b
et al. 2012, 2013, McIntire and Fajardo 2014). Such
heterogeneity could increase floristic dissimilarity among
cushion-associated plants and counterbalance their
diversity-dampening environment-moderation effect. In
summary, more than a single potential alternative exists
regarding the effects of cushions on community assem-
bly. We explored how cushion species can change
community assembly processes by comparing diversity
patterns among cushion microhabitats vs. among open
microhabitats across 83 cushion plant communities on
five continents. We also measured soil organic matter
and soil moisture in a smaller subset of sites to assess the
extent to which contrasting diversity patterns in
cushions and open areas reflected the patterns of
variation in the physical environment experienced by
plants.
MATERIALS AND METHODS
Details of data collection are presented by Cavieres et
al. 2014, and in Appendix A. In brief, we studied 83
alpine plant communities (sampling sites) in North and
South America, Europe, Asia, and New Zealand. At
each site, we recorded vascular plant species within
paired plots consisting of a single cushion and an
adjacent open plot of equal size to the cushion.
Sampling sites we established on alpine scree soils with
well-developed cushion plants in visibly advanced stage
of successions. We therefore considered the studied
cushion communities as ‘‘saturated’’ communities (see
also Cavieres et al. 2014). Cushion plants were
haphazardly selected within relatively homogenous
habitats with respect to soils, elevation and aspect
(Appendix A).
We calculated three characteristics for each site: (1)
Local richness (a-diversity), which refers to the mean
number of species found per plot in each microhabitat
(the cushions or the open area plots) at each sampling
site. (2) Microhabitat species pool, which refers to the
extrapolated species richness in each microhabitat at
each sampling site. The total observed species richness of
the assumedly saturated communities per microhabitat
and site was complemented by the estimated number of
unseen species using the Chao estimator in specpool, a
function of the vegan library (Oksanen et al. 2013). (3)
Sørensen’s multi-site dissimilarity index (b-diversity).
This is based on Sørensen’s classic index (Baselga and
Orme 2012). It uses presence/absence data, and mea-
sures the dissimilarity in floristic composition between
each pair of plots. The values of b-diversity vary
between 0 and 1 and are higher the more dissimilar the
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plant assemblages are. We used the function beta.multi
from the software package betapart to calculate
Sørensen’s dissimilarity index. We also used other
measures of b-diversity such as Raup-Crick dissimilarity
and b deviation (Kraft et al. 2011). The results were
similar to those of Sørensen’s and we report here the
results only with Sørensen’s index. The results with other
indices are shown in Appendix B.
Soil samples were taken within paired plots from
beneath cushions and in open areas at a subset of 15–20
sites (Appendix A). Samples were kept in sealed
containers and fresh mass was determined immediately
after sampling in the field. Soil moisture (percentage of
fresh soil) was determined by mass loss after drying the
samples at 1058C for 48 h, soil organic matter content
(SOM, percentage of dry soil) was determined by mass
loss after ignition at 4008C for 20 h (Scho¨b et al. 2012).
For further analyses, we used the mean and the
coefficient of variation of soil moisture and SOM as
measures of environmental severity of the microhabitats
and environmental heterogeneity among plots within a
microhabitat, respectively.
Nonparametric paired tests (Wilcoxon signed rank
tests) were used to test for differences between cushion
and open microhabitats for indices of a- and b-diversity,
the species pool, and the mean values and their variation
(CV) for soil moisture or SOM. Due to strong
collinearity between a-diversity and the species pool (r
¼ 0.67), separate linear mixed models were performed to
test the relationships of a-diversity and the species pool
on b-diversity, including the microhabitat type and its
interactions with either a-diversity or the species pool as
additional predictor variables and the sites as random
variable. The effect of mean and variation in soil
moisture and SOM on b-diversity, and their interactions
with the microhabitat type was tested similarly, i.e., with
separate linear mixed models that included the sites as
random effect. Again, separate analyses were performed
due to the high collinearity between mean SOM and
mean soil moisture (r ¼ 0.84). For the latter analysis,
and due to the small sample size, unimportant variables
were eliminated using the procedure of step-wise
selection based on Akaike’s information criterion
(AIC) using the maximum likelihood estimation. The
variables remaining in the selected model were then
analyzed using type-I ANOVA based on a model fitted
with restricted maximum likelihood estimation. Statis-
tical analyses were done in the R environment (R Core
Team 2013).
RESULTS
The a-diversity was, on average, 1.39 species higher in
cushions compared to the open plots (sum of positive
ranks V ¼ 3112, P , 0.001; Fig. 1a). Similarly, the
estimated species pool was 2.17 species higher in
cushions compared to the open microhabitat (V ¼
2260, P¼ 0.005, Fig. 1c). In contrast, b-diversity was on
average 0.10 units lower in cushions compared to open
microhabitats (V¼ 314, P , 0.001; Fig. 1b).
The b-diversity was significantly related to a-diversity
and species pool, and the microhabitat type (Fig. 2).
There was a significant interaction between the micro-
habitat type and a-diversity explaining b-diversity,
whereas the effect of species pool on b-diversity was
independent of the microhabitat type (Table 1). Overall,
the relationship between a-diversity and b-diversity (r¼
"0.63) was much stronger than the relationship between
species pool and b-diversity (r¼"0.14). The relationship
between a-diversity and b-diversity was stronger for the
open microhabitat (r¼"0.67) compared to the cushion
microhabitat (r ¼"0.48).
Mean soil moisture was significantly higher in
cushions (23% 6 5% [mean 6 SE]) compared to the
open area plots (17% 6 6%; V ¼ 186, P ¼ 0.001).
Likewise, mean SOM was higher in cushions (10.7% 6
3.4%) compared to open areas (3.9% 6 0.4%; V¼ 120, P
, 0.001). Coefficients of variation in soil moisture
(cushion, 366 3; open, 386 3) and SOM (cushion, 356
5; open, 37 6 5) showed nonsignificant differences
among microhabitats (P . 0.38). The stepwise selection
FIG. 1. Diversity partitioning in cushion and open microhabitats of alpine scree slopes: (a) observed a-diversity per plot, (b) b-
diversity quantified as Sørensen’s multi-site dissimilarity index, (c) species pool quantified as the extrapolated species pool (number
of species) per microhabitat. Values displayed are global means 6 SE.
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procedure selected all variables relating soil moisture to
b-diversity, whereas a reduced model without the
interaction terms of mean SOM 3 microhabitat, and
mean SOM3CV SOM was selected for the relationship
between SOM and b-diversity. Overall, higher mean soil
organic matter reduced b-diversity with no significant
differences in this relationship among microhabitats,
whereas higher mean soil moisture differently affected b-
diversity in the two microhabitats, i.e., it tended to
reduce b-diversity in cushions and to increase b-diversity
in the open (Table 2). Variation in soil moisture and
SOM were only marginally significantly related to b-
diversity (Table 2): CV in soil moisture tended to
increase with increasing b-diversity independently of the
habitat type, whereas CV in SOM tended to increase
with increasing b-diversity only in the open area.
DISCUSSION
Community assembly is typically viewed as a hierar-
chical process with local species assemblages represent-
ing subsets of a larger species pool. These subsets are
established by filtering through local abiotic and biotic
factors such as microclimate, soil type, plant interac-
tions, herbivores, and pollinators that thus determine
the size and species composition of these subsets (Lortie
et al. 2004, Go¨tzenberger et al. 2012). These factors vary
from one plot to another, thus producing certain levels
of b-diversity or variation in species composition across
plots. In our study, the consistently lower floristic
FIG. 2. The global relationships of (a) the species pool and (b) a-diversity with b-diversity in cushion and open microhabitats of
alpine scree slopes. Plots include the value of diversity indices for each site and microhabitat (dots) and model estimated means for
each microhabitat (lines).
TABLE 1. Statistical results of linear mixed modeling of the
relationship of a-diversity, species pool, microhabitat type,
and its interaction terms with a-diversity and species pool.
Variable df F P
Analysis of a-diversity
(Intercept) 1, 82 3748 ,0.001
a-diversity 1, 80 176.2 ,0.001
Microhabitat 1, 80 19.47 ,0.001
a-diversity 3 Microhabitat 1, 80 6.779 0.011
Analysis of species pool
(Intercept) 1, 82 2432 ,0.001
Species pool 1, 80 5.14 ,0.001
Microhabitat 1, 80 62.17 ,0.001
Species pool 3 Microhabitat 1, 80 0.019 0.890
Notes: Sites (n¼ 83) were included as a random variable. The
sequence of variables for the type-I ANOVA is as presented in
the table.
TABLE 2. Statistical results of linear mixed modeling of the
relationships between the site-level means and coefficients of
variation (CV) of either soil moisture (SM) or soil organic
matter (SOM), and their interactions with microhabitat type.
Variable df F P
Analysis of SM
(Intercept) 1, 20 543 ,0.001
Mean SM 1, 15 0.45 0.51
SM CV 1, 15 3.56 0.075
Mean SM 3 SM CV 1, 15 0.44 0.52
Mean SM 3 Microhabitat 1, 15 11.38 0.004
SM CV 3 Microhabitat 1, 15 1.77 0.20
Analysis of SOM
(Intercept) 1, 15 304 ,0.001
Mean SOM 1, 12 10.49 0.007
SOM CV 1, 12 0.46 0.51
SOM CV 3 Microhabitat 1, 12 3.54 0.084
Notes: Sites (n ¼ 20 and n ¼ 15 for SM and SOM,
respectively) were included as a random variable. The sequence
of variables for the type-I ANOVA is as presented in the table.
The most parsimonious model selected out of the full model
using Akaike’s information criterion is shown.
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dissimilarity found in the cushions vs. the open areas,
coupled with the similar effect of species pool on b-
diversity but a different effect of a-diversity on b-
diversity between microhabitats, indicates markedly
different assembly processes in these two types of
microhabitat. Furthermore, b-diversity at the global
scale was fairly strongly related to species pool,
reflecting the inherent relationship between these two
diversity measures beyond differences in community
assembly processes (Kraft et al. 2011).
The idea that community assembly processes in
cushions differ from those outside of the influence of
these foundation species was first suggested by Scho¨b et
al. (2012) for cushion plants in the Sierra Nevada
Mountains in Spain. Their proposition is now supported
by our global-scale study, allowing us to generalize
concerning the effects of cushion foundation species on
community assembly processes. First, cushions generally
increased local species richness (and hence the micro-
habitat species pool) as compared to the open area plots
(see also Butterfield et al. 2013, Cavieres et al. 2014).
Second, floristic dissimilarity, i.e., b-diversity, among
plots was generally lower in the cushions than in the
open area plots as mentioned above. Third, the cushion
microhabitat was characterized by higher soil moisture
and SOM than the open microhabitat, indicating
alleviated stress conditions in cushions. This stress and
disturbance moderation is likely to be a part of the niche
construction by cushion plants, allowing for recruitment
of less stress-tolerant species (Liancourt et al. 2005,
Scho¨b et al. 2012). This is supported by the study on leaf
dry mass content (LDMC) and specific leaf area (SLA)
of the plants associated with cushions, collected from a
small subset of our sampling sites (four sites in southeast
Spain); this study showed lower LDCM but higher SLA
in cushion-associated plants thus indicating the better
water availability for plants in the cushion microhabitat
as compared to the open area (Scho¨b et al. 2012).
Probably, the effect of environmental stress and
disturbance moderation by cushions predominates over
the variation in the physical environment within
cushions, and the net result is reduced b-diversity. This
is supported by the significant link between mean soil
organic matter and b-diversity, but the weaker relation-
ship between variation in soil moisture or SOM and b-
diversity. Furthermore, when the relationship between
the species pool and local (a) richness is linear and with
a zero intercept, b-diversity gives an unbiased measure
of niche width (Botta-Duka´t 2012), as is the case in our
study. Therefore, the lower b-diversity found in the
cushions strongly suggests that the niche space con-
structed by the cushion plants is more homogeneous
than that in the open area. In other words, the reduced
b-diversity is most likely the result of an environmental
filtering process selecting a certain subset of species for
growth in cushions. These less stress/disturbance-toler-
ant species may benefit from the better growth
conditions in cushions, irrespective of variation between
cushions in these growing conditions, and be responsible
for the increased uniformity of species composition
associated with the foundation species. Overall, cushion
vegetation can be considered a distinct plant communi-
ty.
We conclude that the habitats with and without
dominant foundation species can dramatically differ in
the processes that drive species recruitment and hence
can influence strongly the relationship between local and
regional species diversity (Michalet et al. 2014). The
global scale of our study ensures generality of our
findings at least for this class of foundation species:
plants with a cushion morphology. A key question is
whether similar patterns exist for other keystone
facilitator growth forms, for example shrub species in
semiarid environments.
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